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Among various Z-form DNA inducers, such as transition metal complexes, polyamines and high ionic concentrations,
8-methylguanine have received attention as efficient chemical modifications. Although it is clear that m8-modified gua-
nine base markedly stabilizes the Z conformation of short oligonucleotides under physiological salt conditions, how
sequence composition affects the preference of Z-DNA is still not well established. In this study, various oligomers of
d(CG), or d(GQ), containing either 8-methylguanine in a different position were synthesized and their capacity of stabiliz-
ing Z-DNA were evaluated by CD spectra and then compared with each other. It is was found out that the Z-DNA stabi-
lizing effect depend on the order of arrangement of m®G and m®rG in DNA strands and the center position is the most
effective to stabilize the Z-DNA and promote the B to Z transition.

Introduction

It is well known that DNA possesses a considerable confor-
mational flexibility.! Its polymorphic nature and the local con-
formational heterogeneity suggest that DNA should be regarded
as a dynamic molecule, instead of a static molecule. The discov-
ery of the molecular structure of DNA, right-handed double
helix, provided us critical information how DNA maintains its
secondary structure and participates various biological event as
a genetic material. Since then, besides the predominant right-
handed B-form DNA, a variety of secondary structures such
as A-form, Z-form, and quadruplexes were found in specific
conditions. Particularly, lefr-handed Z-form DNA has gained
remarkable attention due to its opposite chirality. Since its dis-
covery in 1979, many experiments were performed in order to
unveil the biological functions of the exceptional left-handed
form."* It has been shown that Z-DNA has a high correlation
with transcription, while over the few years, Rich and cowork-
ers have found several proteins with a Z-DNA binding domain,
including ADAR1, E3L, and PKZ.>* Although the improve-
ment of NMR studies and X-Ray crystallization has made a great
contribution to relevant studies, there is still a bottleneck due
to the stability of Z-DNA in a physiological condition. In fact,
Z-DNA is more like a transient structure, which could be trig-
gered by a biological event. In vivo, the conformation is mainly
stabilized by negative supercoiling, which can be generated by
translocation of RNA polymerase during a transcription process.
Due to the narrower minor grooves and shorten distance among

phosphate groups, steric hindrance and repulsion were elevated
in Z-DNA. Therefore, extrinsic conditions such as high salt con-
centrations were necessary to overcome these limits, especially
in short oligonucleotide model systems. In this context, vari-
ous approaches such as chemical modifications, incorporation
of metal complexes, small molecules have been investigated to
stabilize the Z-form DNA under physiological salt conditions.’
In the previous study, we have reported that the introduction
of a methyl group at the guanine C8 position produces a stable
m8-modified guanine base, 8-methyl-2-deoxyguanosine (m*G)
and 8-methyl-guanosine (m®rG) and markedly stabilizes the Z
conformation of short oligonucleotides of a variety of sequences
under physiological salt conditions.®” In the light of these find-
ings we have extended our investigation on the B-Z transition of
m®G- and m®rG-containing DNA oligonucleotides. In this study,
we focused the relevance between the positions of the incorpo-
rated methylated guanine in a DNA strand and their correspond-
ing stabilizing effects for Z-form DNA. A variety of CG and
GC oligomers [d(CG),, d(GC),, d(CG), and d(GC),] contain-
ing m*G and m®*rG in a different position were synthesized and
evaluated their ability to stabilize DNA in the Z-form. Herein,
we report a systematic trend how sequence composition of the
Z-stabilizer (m*G or m*rG) affects the inducing B-Z transition.

Results and Discussion

Circular dichroism spectroscopy is a common method in
determining DNA secondary structure. B-Z transition of the
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DNA can be observed in a straightforward matter, as the B-form
and Z-form possess opposite chirality. The B-form DNA con-
tains a positive cotton effect at about 260-280 nm and a negative
effect around 245 nm, while the Z-form DNA has a significant
negative band around 290 nm and a positive band around 260
nm. The relative ratio of B and Z form DNA was determined
by the change in the ellipticity at 295 nm, as there is negligible
amount of single stranded DNA in 5 °C. A variety of m*G- and
m®rG-containing DNA oligonucleotides were synthesized for
this study. The CD spectra of m®G- and m®*rG-containing hex-
amers under various NaCl concentrations are shown in Figure 1
and their midpoint NaCl concentrations for B-Z transition are
summarized in Table 1. As shown ODN2-7 in Table 1, every
hexamer containing m*G and m®rG has a lower midpoint NaCl
concentration compared with the unmodified DNA oligomers,
d(CGCGCQ),. It is apparent that the incorporation of m*G and
m®rG into DNA sequences significantly stabilizes the Z form
DNA as we have previously reported.®” With respect to the supe-
rior stabilization effect by m*rG compared with m*G, we have
suggested that the introduction of a hydrophilic group to the
solvent-exposed site stabilizes the Z form.” With regard to the
order of arrangement of m*G and m®*rG, we observed that the
center position of m*G and m®G in the DNA strand gave the
lowest midpoint NaCl concentration and was the most effective
to promote the B to Z transition and stabilize the Z-DNA.® In
addition, it was found if m8-modified guanine base is placed
further from the center of the oligomer, the stabilizing effect
decreases consecutively. Notably, the results of CG hexamers and
GC hexamers were dramatically different, as GC hexamers pos-
sess a much higher midpoint than CG hexamers. For example,
the midpoint NaCl concentration of oligomer d(GCGCGC), is
undeterminable (Table 2 entry 1; Fig. 2H). It didn’t undergo B-Z
transition even when NaCl concentration in the buffer was added
until saturated, and showed its positive cotton effect around 295
nm-it still maintained B-DNA form. With regard to the signifi-
cant difference in B to Z transition between d(CG)  and d(GC)
» (GC), is more stable as B-DNA under physiological salt con-
dition due to the three GpC steps. The base stacking energy of
GpC is the most stable step in B-DNA due to its extensive stack-
ing interactions.'®™ In contrast, the CpG has relatively higher
stacking energies compared with GpC, so it is probable that the
d(GC), prefers three GpC steps to two CpG steps as B-DNA.
Even though d(GC), is not intrinsically favorable to be Z-form,
m8-modified guanine base has powerful influence on the B to
Z transition (Table 2, entries 3 and 6). In addition, the DNA
octamers, d(CG), and d(GC),, containing m*G and m*rG in a
different position were synthesized and investigated. As shown in
Table 3 and Figure 3, the consistent results with hexamer series
were observed.

From the following results, we can certify that sequence com-
position largely alters the effect of the Z-form stabilizer. For the
different behavior of the present oligodeoxynucleotide series,
we have compared the solvation free energy with relevance to
the conformational stability of Z-DNAs with different order
of m*G."*"3 Solvation force is the important factor to affect the
conformation of biomolecules. The three-dimensional reference
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Table 1. Midpoint NaCl concentrations for B-Z transitions in modified
d(CGCGCQ), derivatives

Entry Oglionucleotides NaCl (mM)

1 d(CGCGCa), 2600

2 d(Cm?®GCGCG), 115

3 d(CGCM*GCG), 30°

4 d(CGCGCM®G), 227

5 d(Cm*rGCGCG), 19

6 d(CGCmM?rGCG), 0

7 d(CGCGCM#rG), 28

2References 6 and 7. Midpoint NaCl concentration was determined from
CD measurements at 10 °C at various NaCl concentrations.

Table 2. Midpoint NaCl concentrations for B-Z transitions in modified
d(GCGCGQ), derivatives

Entry Oligonucleotides NaCl (mM)

1 d(GCGCGQ), Undeterminable
2 d(m®GCGCGOQ), 2500

3 d(GCMPGCGQ), 9%

4 d(GCGCmM®GQ), 1370

5 d(mrGCGCGC), 1320

6 d(GCmM3GCGQ), 59

7 d(GCGCMErGC), 1000

Table 3. Midpoint NaCl concentrations for B-Z transitions in modified

d(CGCGCGCG), and d(GCGCGCGCQ), derivatives

Entry Oligonucleotides NaCl (mM)
1 d(CGCGCGCQ), 1690
2 d(CGCmM®GCGCG), 34
3 d(CGCGCM®GCG), 519
4 d(GCGCGCGAQ), Undeterminable
5 d(GCM*GCGCGAQ), 1040
6 d(GCGCmMPGCGQ), 1380

Table 4. Midpoint NaCl concentrations for B-Z transitions in modified
d(CGCGCGCG), and d(GCGCGCGCQ), derivatives

Entry Oligonucleotides Solvation free energy?
1 d(CGCGCa), -9390
2 d(Cm?®GCGCG), -9489
3 d(CGCM*GCG), -9539
4 d(CGCGCM®G), -9414

*Energy unit is kcal/mol. The solvent analysis was performed using
the MOE (Molecular Operating Environment) under 500 mM NaCl

concentration.
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Figure 1. CD spectra of modified d(CG), strands. (A) d(CGCGCG),; (B) d(CGCM?GCG),; (€) d(CM?GCGCG),; (D) d(CGCGCm?G),; (E) d(CGCm®rGCG),;
(F) d(Cm®rGCGCG),; (G) d(CGCGCm?rG),; Midpoint NaCl concentration was determined from the 290 nm of CD spectra at 4 °C, under various NaCl
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Figure 2. CD spectra of modified d(GC), strands. (H) d(GCGCGQ),; (I) d(GCmM®GCGC),; (J) d(GCGCmMPGC),; (K) d(m*GCGCGC),; (L) d(GCm#rGCGC),;
(M) d(GCGCmerC)z; (N) d(merCGCGC)Z; Midpoint NaCl concentration was determined from the 290 nm of CD spectra at 4 °C, under various NaCl

concentrations.
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Figure 3. CD spectra of modified d(CG), And d(GC), strands. (0) d(CGCGCGCG)2; (P) d(CGCm3GCGCG),; (Q) d(CGCGCmM®GCG),; (R) d(GCGCGCGCQ),; (S)

interaction site model (3D-RISM) theory was utilized to inves-
tigate the value of the solvation free energy.”" The energy
minimized models for d(CG), Z-DNA structure are shown in
Figure 4 and the calculated solvation free energies of Z-DNAs
are summarized in Table 4. The solvent analysis data indicates
that d(CGCm*GCG), gives the lowest value of the solvation
free energy. Furthermore, it was found if m8—modified guanine
base is placed further from the center of the oligomer, the sol-
vent free energy increases in the order of arrangement of m*G.
These results suggest that the center position of m*G in the DNA
strand might contribute to the stability of Z-DNA conformation
by making favorable hydration structure.
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Conclusion

In conclusion, we have synthesized DNA oligomers of d(CG),
or d(GC)  containing either 8-methylguanine in a different
position and investigated their capacity of stabilizing Z-DNA.
It was found that the Z-DNA stabilizing effect depend on the
order of arrangement of m*G and m®*rG in DNA strands and
the center position is the most effective to stabilize the Z-DNA
and promote the B to Z transition. In addition, if m8-modified
guanine base is placed further from the center of the oligomer
the stabilizing effect of m8-modified guanine bases decreases
consecutively. This study reaffirms the fact that the m®G is one
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Figure 4. The optimized structures of modified d(CG), strands. (A) d(CGCGCG),; (B) d(CGCM®*GCG),; (C) d(Cm*GCGCG),; (D) d(CGCGCMEG),. ‘

of the exceptional Z-DNA stabilizers until now. We expect that
the present results will provide the helpful information for the
application of various Z-DNA-specific reactions. Further studies
are under way to elucidate the correlation between the chemical
modifications of bases and B to Z transition.

Materials and Methods

Oligonucleotide synthesis

Various oligonucleotides containing 8-methylguanine were
designed, and then synthesized on controlled pore glass supports
by phosphoramidite method through an ABI DNA synthesizer
(Applied Biosystems 3400). The phosphoramidite monomers
were purchased from Proligo and Chemgenes. After the auto-
mated synthesis process, oligonucleotides were detached from the
support by NH,/CH,NH, wash for 30 min. The deprotection
was done by heating the wash at 95 °C for 30 min. Oligomers
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that contain m*rG require an additional process: removal of the
TBDMS-protecting group. It was done with 0.2 ml of 1 M TBAF
in THF solution at room temperature, overnight. The reaction
was then quenched by addition of 2 mL of 1 M TEAA solution
and was desalted and purified on an OPC cartridge (Applied
Biosystems)."®

Then, oligonucleotides were purified by high-performance lig-
uid chromatography, freeze-dry collected, then identified by elec-
trospray ionization mass spectrometry (Perkin Elmer SCIEX API
165 mass spectrometer, negative mode). Through a Nanodrop
device ND 1000 (Nano-drop Technologies), the concentration
and purity of the oligomer were determined.

CD spectra

The oligomers were first dissolved into buffers (0.10 mM base
concentration in 5 mM sodium cacodylate buffer, pH 7.0, at vari-
ous NaCl concentrations). Then, an annealing process was per-
formed by heating 1 min-long at 95 °C, cooling down to room
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temperature, then placed on ice ready for use. The CD spectra was
then were recorded from 220 nm to 320 nm on a JASCO J-805
spectropolarimeter by using a 1 cm path- length cell under 4 °C.

Molecular modeling studies

Molecular modeling was performed using the MOE
(Molecular Operating Environment) software package. The
coordinate of Z-DNA was taken from the Protein Data Bank,
ITNE, and then hydrogen atoms were added at proper positions.
Based on this PDB dara, 4 types of d(CG), duplexes contain-
ing m*G in a different position were constructed and minimized.
The energy minimizations were performed with amber force
field parameters, a distance-dependent dielectric constant of & =
4r (where, r is the distance between two atoms) and convergence
criteria having an RMS gradient of less than 0.001 kcal mol™!

A. The solvation free energy was estimated using MOE solvent
analysis method based on the 3D-RISM (the three-dimensional
reference interaction site model) theory. For energy minimiza-
tion and solvent analysis water molecules were added to produce
distance of 10 A from the solute to droplet sphere boundaries and
sodium counter ions were added to neutralize the system.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Supplemental Materials

Supplemental materials may be found here:
www.landesbioscience.com/journals/artificialdna/article/28226

References 7. XuY, Tkeda R, Sugiyama H. 8-Methylguanosine: a 13. Saenger W, Hunter WN, Kennard O. DNA con-
powerful Z-DNA stabilizer. ] Am Chem Soc 2003; formation is determined by economics in the

Rich A, Nordheim A, Wang AH]J. The chemistry and 125:13519-24;  PMID:14583048;  http://dx.doi. hydration of phosphate groups. Nature 1986;
biology of left-handed Z-DNA. Annu Rev Biochem org/10.1021/ja036233i 324:385-8; PMID:3785407; http://dx.doi.
1984; 53:791-846; PMID:6383204; hcep://dx.doi. g Moradi M, Babin V, Roland C, Sagui C. Reaction 0rg/10.1038/324385a0
org/10.1146/annurev.bi.53.070184.004043 path ensemble of the B-Z-DNA transition: a com- 14. Sindhikara DJ, Hirata F. Analysis of biomolecular
Rich A, Zhang S. Timeline: Z-DNA: the long road prehensive atomistic study. Nucleic Acids Res solvation sites by 3D-RISM theory. J Phys Chem B
to biological function. Nat Rev Genet 2003; 4:566- 2013; 41:33-43; PMID:23104380; htep://dx.doi. 2013; 117:6718-23; PMID:23675899; http://dx.doi.
72; PMID:12838348; http://dx.doi.org/10.1038/ org/10.1093/nar/gks1003 org/10.1021/jp4046116
nrglll5 9. Pohl FM, Jovin TM. Salt-induced co-operative con- 15. Du Q, Beglov D, Roux B. Solvation free energy of
Ha SC, Lowenhaupt K, Rich A, Kim Y-G, Kim KK. formational change of a synthetic DNA: equilibrium polar and nonpolar molecules in water: an extended
Crystal structure of a junction between B-DNA and and kinetic studies with poly (dG-dC). ] Mol Biol interaction site integral equation theory in three
Z-DNA reveals two extruded bases. ] Am Chem Soc 1972; 67:375-96; PMID:5045303; htep://dx.doi. dimensions. ] Phys Chem B 2000; 104:796-805;
2009; 131:11485-91; PMID:19637911 org/10.1016/0022-2836(72)90457-3 heep://dx.doi.org/10.1021/jp9927121
Kang Y-M, Bang ], Lee E-H, Ahn H-C, Seo Y-J, 10. Ornstein RL, Rein R, Breen DL, Macelroy RD. An 16. Maruyama Y, Yoshida N, Hirata F. Electrolytes in
Kim KK, Kim Y-G, Choi B-S, Lee J-H. NMR spec- optimized potential function for the calculation biomolecular systems studied with the 3D-RISM/
troscopic elucidation of the B-Z transition of a DNA of nucleic acid interaction energies I. Base stack- RISM theory. Interdiscip Sci 2011; 3:290-307;
double helix induced by the Z alpha domain of ing. Biopolymers 1978; 17:2341-60; htp://dx.doi. PMID:22179763; heep://dx.doi.org/10.1007/
human ADARI. J Am Chem Soc 2009; 131:11485- org/10.1002/bip.1978.360171005 $12539-011-0104-7
91;  PMID:19637911;  heep://dx.doi.org/10.1021/ 11 Hyguer JM, Bizarro CV, Forns N, Smith SB,  17. Lee YK, Lee J, Choi JH, Seok C. Contribution of
j2902654u Bustamante C, Ritort F. Single-molecule deriva- counterion entropy to the salt-induced transition
Yang L, Wang S, Tian T, Zhou X. Advancements tion of salt dependent base-pair free energies in between B-DNA and Z-DNA. Bull Korean Chem
in Z-DNA: development of inducers and stabiliz- DNA. Proc Natl Acad Sci U S A 2010; 107:15431- Soc 2012; 33:3719-26; http://dx.doi.org/10.5012/
ers for B to Z transition. Curr Med Chem 2012; 6; PMID:20716688;  http://dx.doi.org/10.1073/ bkcs.2012.33.11.3719
19:557-68;  PMID:22204344;  htep://dx.doi. pnas.1001454107 18. Westman E, Stromberg R. Removal of t-butyldimeth-
org/10.2174/092986712798918806 12. Soumpasis DM. Statistical mechanics of the B----Z ylsilyl protection in RNA-synthesis. Triethylamine

Sugiyama H, Kawai K, Matsunaga A, Fujimoto K,
Saito I, Robinson H, Wang AH. Synthesis, struc-
ture and thermodynamic properties of 8-methyl-
guanine-containing oligonucleotides: Z-DNA under
physiological salt conditions. Nucleic Acids Res
1996; 24:1272-8; PMID:8614630; http://dx.doi.
org/10.1093/nar/24.7.1272

www.landesbioscience.com

transition of DNA: contribution of diffuse ionic
interactions. Proc Natl Acad Sci U S A 1984; 81:5116-
20; PMID:6591181;  http://dx.doi.org/10.1073/
pnas.81.16.5116

Artificial DNA: PNA & XNA

trihydrofluoride (TEA, 3HF) is a more reliable alter-
native to tetrabutylammonium fluoride (TBAF).
Nucleic Acids Res 1994; 22:2430-1; PMID:7518583;
http://dx.doi.org/10.1093/nar/22.12.2430

€28226-7

Do not distribute.

I0Science.

©2014 Landes B



